The goal of this study was to determine whether the level of kidney function is an independent risk factor for atherosclerotic cardiovascular disease (ASCVD) outcomes in the Atherosclerosis Risk in Communities (ARIC) study, a prospective cohort study of subjects aged 45 to 64 years. BACKGROUND The level of kidney function is now recognized as a risk factor for ASCVD outcomes in patients at high risk for ASCVD, but it remains unknown whether the level of kidney function is a risk factor for ASCVD outcomes in the community.
It has recently been recognized that a decreased level of kidney function is an independent risk factor for all-cause mortality as well as adverse cardiovascular disease (CVD) outcomes including myocardial infarction, stroke, and progression of heart failure (1) (2) (3) (4) . This risk has, in particular, been noted in subjects who already have some form of CVD (1) (2) (3) or in subjects at high risk for the development of CVD (4) .
There is conflicting data, however, as to whether the level of kidney function is an independent risk factor for CVD outcomes in a community cohort of subjects who were not selected for being at high risk for CVD. The level of kidney function was not found to be a risk factor for CVD outcomes in the Framingham cohort (5) or for CVD death in the National Health and Nutrition Examination Survey (NHANES) I (6), but was found to be a risk factor for CVD death in an analysis of the NHANES II (7) .
In the current analysis, we evaluated the relationship between level of kidney function and atherosclerotic CVD (ASCVD) in the Atherosclerosis Risk in Communities (ARIC) Study. Although data from ARIC are limited by the absence of urinalyses, the current analysis overcomes many of the limitations of prior studies that have assessed the relationship between level of kidney function and CVD outcomes by estimating kidney function both as a continuous as well as a categorical variable, evaluating both de novo and recurrent ASCVD, and using estimated glomerular filtration rate (GFR) rather than serum creatinine to assess level of kidney function. We also explore the possibility of nonlinear relationships between GFR and the risk of ASCVD, and search for potential interactions between level of kidney function and traditional CVD risk factors.
METHODS
Design. ARIC is a community-based longitudinal study of coronary heart disease (CHD) and stroke in persons ages 45 to 64 years. A total of 15,792 study participants were recruited from the city of Jackson, Mississippi; Forsyth County, North Carolina; the northwestern suburbs of Minneapolis, Minnesota; and Washington County, Maryland. There is an extensive follow-up for ascertainment of ASCVD events (defined by myocardial infarction, cardiac procedure, CHD death, and stroke). Details of recruitment and the study have been extensively described elsewhere (8) . The present study is a secondary analysis of the ARIC public use data to ascertain the relationship of baseline kidney function to ASCVD outcomes. Ascertainment of the level of kidney function. Serum creatinine was measured using the modified kinetic Jaffe method in 15,582 subjects at baseline. Level of GFR is usually regarded as the best overall index of the level of kidney function because serum creatinine is determined by a number of factors other than GFR, such as gender, age, muscle mass, and ethnicity. Glomerular filtration rate was, therefore, estimated using a formula developed and validated in the Modification of Diet in Renal Disease (MDRD) study (9, 10) as follows:
Serum creatinine is measured in mg/dl, age in years, and GFR is expressed as ml/min/1.73 m 2 . Because serum creatinine values may vary between different labs, and in order to more accurately use the formula developed in the MDRD study, we indirectly calibrated ARIC serum creatinine values to the Cleveland Clinic Laboratory (where serum creatinine was measured in the MDRD study) by using NHANES III data. Because both NHANES III and ARIC were designed as representative samples of the population, and NHANES III data have been directly compared with the MDRD samples (11) , it was assumed that the mean serum creatinine for a given age, gender, and race should be comparable in the two studies. A linear regression of data combining the two studies showed that serum creatinine levels were 0.24 mg/dl higher among ARIC participants during the baseline examination than among NHANES III participants after adjustment for age, gender, and race and limiting the analysis to individuals age 45 to 65 years who were white or black and had a serum creatinine Ͻ2.0 mg/dl at baseline. This value was subtracted from serum creatinine before application of the MDRD equation (as shown earlier) in order to obtain a more valid estimate of GFR.
Our objective was to evaluate the association of kidney function with ASCVD in subjects with GFR between 15 to 150 ml/min/1.73 m 2 . We chose this range for two reasons. First, a GFR of 15 ml/min/1.73 m 2 is defined as kidney failure in the National Kidney Foundation (NKF) Kidney Disease Outcomes Quality Initiative (K/DOQI) guidelines (12) [LDL] cholesterol, triglycerides, fibrinogen, uric acid, and hematocrit); physical examination (weight, body mass index, waist-to-hip ratio, systolic and diastolic blood pressure); and medication use as grouped in the public use database (vasodilating agents, cardiac agents, aspirin/ nonsteroidals, lipid-lowering agents, and diuretics). Of note, Ͻ4% of subjects in ARIC were receiving angiotensinconverting enzyme inhibitors at baseline (14) . Urinalyses were not performed in ARIC. The methods employed by the ARIC investigators for the surveillance and ascertainment of ASCVD events have been described elsewhere (15) . Outcomes. We evaluated four outcomes: 1) ASCVD, 2) de novo ASCVD (defined as an ASCVD event in subjects without ASCVD at baseline), 3) recurrent ASCVD (defined as ASCVD in patients with baseline ASCVD), and 4) all-cause mortality.
For de novo disease, because there were missing baseline data on cerebrovascular disease in 3,093 subjects, we performed analyses both by using the data available as well as using multiple imputation techniques for missing data (16 greater represents a normal GFR at any age, while a GFR of 60 to 89 ml/min/1.73 m 2 represents a mild decrease in GFR, and a GFR of 15 to 59 ml/min/1.73 m 2 represents a moderate to severe decrease in GFR as defined by the NKF K/DOQI guidelines (12). We did not include a separate group with GFR between 15 to 30 ml/min/1.73 m 2 as only 12 subjects had GFR within this range. Chi-squared tests and the analysis of variance were used to compare baseline data between these groups.
Kaplan-Meier survival analysis was used to compare survival time among the three groups stratified by level of kidney function. The log-rank statistic was used to test for differences between groups. Cox proportional hazards regression was used to adjust for covariates. Multivariable stepwise selection models were constructed and estimated GFR modeled as a continuous variable and as a categorical variable, with the cut-points as described above. All analyses adjusted for traditional CVD risk factors as defined in the Framingham population, including age, gender, smoking status, diabetes, systolic blood pressure, total cholesterol, HDL and LDL cholesterol, and LVH by electrocardiogram, as well as baseline variables that were significantly and independently related to ASCVD, de novo ASCVD, and recurrent ASCVD in univariate analyses (p Ͻ 0.05). The proportional hazard assumption was tested using a timevarying coefficient model testing for global and individual covariates.
We then repeated the above analyses first by including patients with GFR Ͼ150 ml/min/1.73 m 2 and second by using serum creatinine (rather than estimated GFR) as the continuous variable of interest. These additional analyses were performed primarily to confirm the internal consistency of our results.
We then performed analyses to define the best form of the relationship between level of kidney function and ASCVD. Curvilinear associations of GFR were tested by including a quadratic term and retaining it when significant (p Ͻ 0.05), and by fitting parametric smoothing splines with five knots (at 0.05, 0.275, 0.5, 0.725, 0.95 quantiles of GFR) to determine the functional form of GFR that best explained its relationship to ASCVD. The results were displayed by graphing the five-year predicted probability of ASCVD versus GFR. Because the prediction for each individual includes their 19 baseline covariates, it is considered unadjusted. Adjusted predicted probabilities at a given GFR were obtained by assuming all cohort members had this given GFR (for example 60 ml/min/1.73 m 2 ) and calculating the average five-year predicted probability across the entire cohort (17) . Values were calculated in 5 ml/min/ 1.73 m 2 increments and the results graphed versus GFR using a smoothing function. Adjusted values for a linear model and a cubic spline model were compared graphically to each other and the unadjusted risk.
We tested for interactions between estimated GFR and traditional ASCVD risk factors with ASCVD as the outcome of interest.
Data was analyzed using the SAS version 8.1 (SAS Institute, Cary, North Carolina). S-Plus (MathSoft, Seattle, Washington) was used to explore nonlinear associations in these models. Testing was two sided, and p values Ͻ0.05 were considered statistically significant.
RESULTS
Baseline characteristics. The baseline characteristics of the 15,350 subjects are given in Table 1 . The baseline serum creatinine was 1.1 mg/dl with a range of 1.0 to 5.0 mg/dl, and the baseline estimated GFR was 92 ml/min/1.73 m 2 with a range of 16 to 149 ml/min/1.73 m 2 . The mean age was 54.2 years, and 45% and 26% were men and African Americans, respectively. A total of 5% and 4.8% of the subjects had CHD and cerebrovascular disease at baseline, respectively. Association of reduced kidney function with other baseline factors. A total of 444 individuals (2.8%) had a GFR of 15 to 59 ml/min/1.73 m 2 with the mean GFR being 52.3 ml/min/1.73 m 2 . A total of 7,665 individuals (49.9%) had a GFR of 60 to 89 ml/min/1.73 m 2 with the mean GFR being 79.3 ml/min/1.73 m 2 . The prevalence of baseline ASCVD and risk factors for ASCVD tended to be higher in the group with lower baseline GFR (Table 1) . For example, subjects with lower GFR had a higher prevalence of CHD, cerebrovascular disease, diabetes mellitus, and hypertension, as well as higher mean serum total cholesterol, LDL cholesterol, and triglycerides. Outcomes. The maximum duration of follow-up in the public use data was 8.1 years with a mean follow-up of 6.2 years. There were 775 (5%) deaths (Table 2) . A total of 174 (22.4%) of the deaths were directly attributable to ASCVD. A total of 965 (6.3%) of subjects experienced ASCVD events. Of these events, 767 (79.4%) were due to CHD, and 198 (20.6%) were due to cerebrovascular disease.
Kaplan-Meier survival analysis showed a greater probability of ASCVD (p Ͻ 0.001), de novo ASCVD (p Ͻ 0.001), and recurrent ASCVD (p ϭ 0.02) events and all-cause mortality (p Ͻ 0.001) in subjects with lower GFR (Figs. 1 and 2, Table 2 ). Multivariable models. After adjusting for traditional AS-CVD risk factors as well as variables significant in univariate analysis in the Cox proportional hazards models, the hazard ratios for ASCVD and de novo ASCVD were significantly higher in subjects with GFR of 15 to 59 ml/min/1.73 m 2 and GFR of 60 to 89 ml/min/1.73 m 2 compared with subjects with GFR of 90 to 150 ml/min/1.73 m 2 (the reference group) ( Table 3) . Similar results were obtained when subjects with estimated GFRs Ͼ150 ml/min/1.73 m 2 were included in the analyses.
Expressing GFR as a continuous variable, and after adjusting for traditional ASCVD risk factors as well as variables significant in univariate analysis in the Cox proportional hazards models, GFR remained a significant risk
factor for ASCVD and de novo ASCVD and showed a trend towards being a risk factor for recurrent ASCVD (Table 3) . That is, a 10 ml/min/1.73 m 2 lower GFR was associated with an adjusted hazard ratio of 1.05 (1.02, 1.09), 1.07 (1.01, 1.12), and 1.06 (0.99, 1.13), for total ASCVD, de novo ASCVD, and recurrent ASCVD, respectively.
The results were essentially identical when subjects with estimated GFRs Ͼ150 ml/min/1.73 m 2 were included in the analyses. For example, for every 10 ml/min/1.73 m 2 lower estimated GFR, the hazard ratio for ASCVD was 1.05 (1.02, 1.09; p ϭ 0.002).
When serum creatinine was used as the primary measure of level of kidney function, each 0.1 mg/dl increase in serum creatinine was associated with a 1.04 (1.01, 1.07; p ϭ 0.003) increase in hazard ratio for development of ASCVD.
The test for assumption of proportional hazards was met for ASCVD, de novo ASCVD, and recurrent ASCVD. For the de novo analysis, data using multiple imputation techniques (for cerebrovascular disease prevalence) showed similar results to that using the data available. Nonlinear associations with ASCVD. The five-year probability of ASCVD events as a function of baseline GFR is shown in Figure 2 . Without adjustment for covariates, the probability of developing ASCVD increases markedly below a GFR of approximately 75 ml/min/1.73 m 2 . After adjustment for covariates, the effect of GFR on ASCVD is diminished but remains present. For example, the five-year probability of ASCVD increases from approximately 4% to 6% with a decrease in GFR from 150 ml/min/1.73 m 2 to 30 ml/min/1.73 m 2 . The nonparametric smoothing method led us to explore both linear and piecewise linear forms for GFR. The quadratic term was not significant. A GFR value of 78 ml/min/1.73 m 2 was found to be the optimum knot point of a two-slope model based on maximizing the log likelihood. The resulting two-slope model (relative hazard of 1.03 for every 10 ml/min/1.73 m 2 decrease in GFR above 78 ml/min/1.73 m 2 , and 1.11 for every 10 ml/min/1.73 m 2 decrease in GFR above 78 ml/min/1.73 m 2 ) was not, however, statistically better than a one-slope linear model. Figure 2 is consistent with the latter in that it demonstrates the similarity between the adjusted cubic spline with one knot and linear models.
Interactions. There was a significant interaction between GFR and the presence of LVH. That is, in subjects with LVH, a 10 ml/min/1.73 m 2 lower GFR was associated with a hazard ratio of 1.19 for ASCVD, while in subjects without LVH, the hazard ratio was 1.03 (p for the interaction 0.007). This interaction was also present in exclusively de novo ASCVD (p ϭ 0.013). We noted a trend towards an interaction (p ϭ 0.08) between GFR and race with regard to ASCVD outcomes (a decreased GFR being a stronger risk factor in African Americans than whites). There was no significant interaction between level of kidney function measured as a continuous variable (and using a linear model), with age, gender, presence of diabetes mellitus, systolic and diastolic blood pressure, smoking, and LDL and HDL cholesterol for ASCVD outcomes. for three months or more as chronic kidney disease (12) . Individuals with GFR 60 to 89 ml/min/1.73 m 2 do not have chronic kidney disease unless there is also a marker of kidney damage, for example, proteinuria.
Our results demonstrate that a lower level of kidney function is associated with a marked increase in the probability of ASCVD over five years. We also found that level of kidney function (even in the range of 60 to 89 ml/min/ 1.73 m 2 , approximately equivalent to a calibrated creatinine as low as 0.9 to 1.1 mg/dl in a white man of age 55) is an independent risk factor for ASCVD and de novo ASCVD outcomes. Finally, we noted that ASCVD risk may increase more sharply at lower levels of GFR, but a nonlinear model was not significantly better than a linear model.
Prior studies of patients with CVD or subjects at high risk for CVD have generally been consistent in showing an independent association between decreased level of kidney function and increased CVD outcomes (1-4). Studies of lower or intermediate-risk populations have not been conclusive. For example, the Hypertension Detection and Follow-up Program (HDFP) found an association between higher serum creatinine and CVD mortality (18) , while the Multiple Risk Factor Intervention trial (19) and the Framingham study (5) did not. Our study demonstrates that the level of kidney function is an independent risk factor for ASCVD outcomes in the community. The only prior studies that we are aware of that (7) noting an association between level of kidney function and CVD death and NHANES I noting no association between level of kidney function and CVD death (6) . The current analysis of the ARIC cohort adds to those studies by having prospective standardized ASCVD event ascertainment (8, 15) , rather than relying on death certificate data as the primary outcome (6, 7) . In addition to reliance on death certificate data, the lack of association in NHANES I may at least be partly due to a small number of events (n ϭ 197 cardiovascular deaths) and reliance on serum creatinine rather than estimated GFR. Culleton et al. (5) evaluated the relationship of elevated serum creatinine, defined by serum creatinine of 1.5 to 3.0 mg/dl in men and 1.4 to 3.0 mg/dl in women, to CVD and all-cause mortality in 6,233 subjects in the Framingham study. Results showed that an elevated serum creatinine was associated with a higher prevalence of CVD and CVD risk factors at baseline. However, in multivariable analysis, elevated serum creatinine was not independently associated with a higher risk for CVD in either men or women.
Our results confirm the findings of Culleton et al. (5) with regard to a higher prevalence of CVD and CVD risk factors in patients with reduced GFR. In addition, we demonstrate that the increased prevalence of CVD and CVD risk factors likely play a major role in promoting an increased risk for ASCVD in patients with decreased GFR (comparison between unadjusted and adjusted models, Fig. 2) .
Our results, however, differ from those of the Framingham population in that we found an independent association of level of kidney function to ASCVD outcomes. There are two potential explanations for the differences between our results and those of the Framingham study. First, the ARIC cohort is larger, and although the number of events is similar, with very long duration from measurement of serum creatinine and no African American participants, the Framingham study may have had lower power. We noted a trend towards an interaction (p ϭ 0.08) between GFR and race with regard to ASCVD outcomes, a topic worth further study. Second, equations that estimate GFR may provide greater power than serum creatinine alone. These equations appropriately take into account how gender, age, and race modify the association between creatinine and GFR. The association between estimated GFR and ASCVD still needs to be adjusted for age, gender, and race to avoid confounding by these factors, but the analysis benefits from examining the predictive power of a much better estimate of GFR than serum creatinine alone. Interactions. The significant interaction between LVH and GFR on ASCVD outcomes is consistent with prior studies that have demonstrated that level of kidney function is an independent risk factor for outcomes in individuals who already have CVD (1-4). The interaction should, however, be interpreted with caution. First, the method used to define the presence of LVH is insensitive, and, second, the interaction was not one of our a priori hypotheses. Potential explanations as to why level of kidney function may be a risk factor for outcomes. There are several theoretical but unproven explanations as to why the level of kidney function may be an independent risk factor for ASCVD outcomes. First, a decrease in the level of kidney function may be associated with increased levels of nontraditional CVD risk factors, such as elevated homocysteine levels, oxidative stress, and remnant cholesterol particles, that were not measured in the study and, therefore, not adjusted for in our analysis. Second, there may be residual confounding from variables for which we have adjusted. For example, a decrease in level of kidney function at baseline may be a marker of the severity of prior vascular damage (including subclinical cardiac disease) due to hypertension. Third, reduced kidney function itself may be a risk factor for progression of ventricular remodeling and cardiac dysfunction.
Nonlinear versus linear association of GFR with ASCVD.
Our results show that, although we were able to establish an optimum GFR cut-point (78 ml/min/1.73 m 2 ), a two-slope model did not fit the data better than a one-slope linear model. Therefore, in the ARIC study, there is no clear threshold level of GFR above which the adjusted risk for ASCVD is not lower at a higher GFR. Study limitations. There are three potential limitations of our analyses. First, recent studies have shown that albuminuria, an alternate marker for the presence of kidney disease, may be an independent risk factor for CVD outcomes (20) . Unfortunately, urinalyses were not performed in ARIC, and we, therefore, could not adjust for the presence of albuminuria. Second, we are unable to account for differences or clustering of outcomes due to the center effect. This is due to the fact that the public use database does not provide center information because of concern of confidentiality. Although we are unable to completely overcome this limitation, we have endeavored to control for all variables that may track with center location such as education, ethnicity, and numerous other comorbidities. Third, indirect calibration of serum creatinine to the NHANES III study is not as precise as a direct comparison. However, this calibration resulted in GFR estimates that are more similar to direct inulin measurements supporting its use. Conclusions. The level of kidney function is an independent risk factor for ASCVD in middle-aged subjects who are not selected for being at higher risk for CVD. 
